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I N T R O D U C T I O N
It is commonly held that morphological differentiation in an embryonic cell must indicate some prior change in the cell's synthetic activity. The differentiation of a skeletal muscle myoblast, for example, might begin with the induction of synthesis of distinctive muscle proteins such as myosin and actin and might proceed as these proteins and others are organized within the cell to form the characteristic contractile myofilaments.
Many questions suggested by this concept have been difficult to test experimentally in the embryo, chiefly because there have not been available methods which were sensitive enough to detect minute amounts of specific proteins and precise enough to reveal the distribution of these proteins within individual cells of known morphology. The fluorescent antibody technique of Coons (4, 5) seems more promising than other methods because it has been found useful for the localization of several native protein antigens within cells (31, 32) . We reported recently that fluorescent antibodies against myosin of chicken skeletal muscle could be used to detect myosin in mature and embryonic muscle (12) . The present report describes in more detail our observations on the occurrence and distribution of myosin in differentiating myoblasts of the chick embryo. We have attempted to correlate the sequence of morphological differentiation with the appearance and intracellular distribution of myosin, and with the onset of contractility.
Because these observations relate only to one component, myosin, it would be premature to attempt an explanation of all changes which the primitive mesodermal cell displays as it differentiates into a muscle cell. Yet the findings for
II. Phase Contrast Microscopy of Unstained Material.--Freshly teased, living chick myo-
blasts of the same ages and from the same brachial region were mounted in Simms's solution or embryonic serum and examined directly by dark medium phase contrast. Comparable brachial trunk specimens were extracted in 50 per cent glycerol at 0°C. for 2 or more days before teasing or squashing. The myoblasts, mounted in 25 per cent glycerol, were then examined with the phase contrast microscope.
The contractility of the embryonic muscle cell models was tested by observing with the phase contrast microscope the reactions of teased glycerinated myoblasts upon the addition of ATP (the disodium salt, 0.001 5, in Simms's solution at pH 6.8). The technique was that used for mature muscle cell models by Szent-Gytirgyi (37, 38) , Hanson and Huxley (18) , and Hodge (24) .
HI. Fluorescent A ntibody-Stained Material.--Fluorescein-labelled antibody against myosin
of chicken skeletal muscle was prepared as described earlier (12) . A fluorescent globulin solution was prepared from normal rabbit serum for use as a control. Both labelled globulin solutions were made up in 25 per cent glycerol adjusted to pH 7.4 with 0.02 ~ phosphate buffer.
The trunks of chick embryos (stages 10 through 29) were extracted for 2 days at 0°C. in 50 per cent glycerol. Each was then transferred to a small tube containing either the fluorescent antibody or the fluorescent normal globulin in buffered 25 per cent glycerol. After 24 hours at 0°C., the specimens were removed and washed repeatedly in 25 per cent glycerol--0.02 M phosphate buffer, pH 7.4, at 0°C. Because of the thickness of each specimen, the removal of unbound fluorescent protein required approximately eight changes of buffered 25 per cent glycerol over a period of 2 days.
When washing was completed, the specimens were prepared for fluorescence microscopy in the following ways:
(a) Whole mounts in 25 per cent glycerol were used to study the general distribution of staining and the number of myotomes which were stained by antibody at each stage of development.
(b) Specimens were squashed or teased in 25 per cent glycerol to permit the inspection of single myotomes and of individua] myoblasts by fluorescence and phase contrast microscopy. Teased specimens were used also to test the effects of ATP on the stained myoblasts.
(c) Specimens were fixed for one hour in 2 per cent formaldehyde, dehydrated through graded alcohol concentrations, cleared in xylene or chloroform, and infiltrated with two changes of diethylene glycol distearate (11) in 1 hour at 50 ° to 55°C. Infiltration and subsequent embedding were done in No. 00 gelatin capsules. The blocks were sectioned at 1 /z with a glass knife and water trough. The sections, after drying at 42°C. on clean slides without adhesive, were cleared of wax by adding a few drops of light mineral oil. The oil was drained HOWARD HOLTZER~ 3OHN •. MARSHALL, JR.~ AND HENRY FINCK 707 off, fresh oil was added, and a coverslip applied. Sections were mounted in non-fluorescent, light mineral oil (refractive index about 1.46) most commonly, because the same preparations could be used effectively for both fluorescence and phase contrast observations. For some purposes it was found desirable to mount sections in a non-fluorescent immersion oil of higher refractive index, or in a slightly alkaline glycerol.
IV. Definitions of Descriptive
Terms.--In all chick embryos of stage 14 to stage 29 the cells of the brachial myotomes are of two general types. One type consists of elongated, spindleshaped cells, the other of rounded or irregular cells which are indistinguishable from mesenchyreal cells found elsewhere in the embryo. The elongated cells we shall term "myoblasts," since the change in form appears to be a very early step in the differentiation of muscle. The mesenchyme-like cells we shall designate as "presumptive myoblasts"; these are the only cells found in the brachial myotomes prior to stage 14. In progressively older embryos the number of myoblasts increases rapidly, but many presumptive myoblasts are present even in stage 29 embryos, when multinucleate muscle fibers begin to appear. The changes which occur during the development of the myoblasts in the brachial segments will be described for each of the three types of material: hematoxylin-stained, unstained, and antibody-stained.
In material prepared and examined in various ways, the identification of regions within the sarcomere structure (as A, I, Z, H, or M bands) is not always certain (7) . We have, in our observations, relied on the patterns as revealed by phase contrast microscopy to identify the bands, following Hanson and Huxley (18) and Hodge (24) .
OBSERVATIONS

I. Iron-Hematoxylin-Stained MateriaL--Of the thousands of cells in a stage
14 to 15 brachial myotome only a few hundred have begun to elongate. The length of such ce]ls is approximately four times the diameter of the spherical nucleus. One, or more frequently two, conspicuous nucleoli are present. If myofibrillar material is present in the cell it cannot be distinguished at these stages from the prominently stained sarcolemma, filamentous mitochondria, or other cell inclusions.
By stage 16 or 17 many more cells of the myotome have become spindleshaped, and their centrally placed nuclei are now ellipsoidal. In a few cells nonstriated longitudinal fibrils can be found. These fibrils are straight or zigzagged, and generally lie near or at the sarcolemma; they vary in width but even the heavier ones are less than 0.5/z wide. In sections (4/z thick) they can rarely be traced for more than 15 # in length. Many of the elongated cells in the myotome appear completely lacking in fibrillar elements, although this appearance might result from the thinness of the sections.
Stage 18 to 19 differs from the earlier material only in the larger number of elongated myoblasts per myotome and the greater proportion of cells containing fibrils. The fibrils are almost always non-striated; cross-striated fibrils were found in only two myoblasts out of several thousand examined in 15 different trunks.
In stage 20 material, a brachial myotome contains at least a thousand elongated myoblasts. Fibrils, which may measure up to 1 /z in width, can be seen in many myoblasts, but in others no fibrils can be detected. Most of the 7O8 ANALYSIS OF MYOGENESIS fibrils appear non-striated, but in many instances one can detect a pattern of alternating rods and granules. The pattern suggests that of mature muscle, the length of the rods being about that of the A bands of mature muscle.
By stage 22 there has occurred a great increase in the number of mononucleated myoblasts in each myotome. Many of the myoblasts still appear to contain no fibrillar elements, but now in most of the cells, fibrils can be found. Some of these fibrils still appear non-striated, but many are cross-striated. It is our impression that all elongated cells contain fibrillar material at this stage, but due to the plane of sectioning and the peripheral location of the fibrils, the fibrils do not appear in all sections. The striated fibrils in fixed, hematoxylinstained material show a marked variability in structural detail. Some have what appear to be A, I, and Z bands quite like those of mature muscle; others reveal regularly or irregularly spaced bands like those seen in partially contracted or extracted mature muscle. Much of this variability seems to result from artifacts of handling and fixation, since the variation is more common in formaldehydefixed specimens and in those specimens which are dissected or manipulated more roughly before fixation.
By the 4th day (stages 24 to 25) a large proportion of the myoblasts in each brachial myotome contain cross-striated fibrils. However, there are still many elongated cells with non-striated fibrils and many without detectable fibrils, and there are still present many primitive mesenchymal cells or "presumptive myoblasts." Again it should be emphasized that failure to observe fibrils in an elongated cell may simply be due to the plane of sectioning. The variability of striation pattern described for the younger stages is seen in the 4th day embryo as well, and is in fact found in both older embryonic material and in mature muscle when similar techniques of handling, fixation, and staining are used.
In the early 4th day and older stages it is common to find what appear to be two or more cross-striated fibrils lying side by side in a single myoblast. The width of each of these fibrils is approximately 1 /z and the distance between them is about the same. The fact that in living and glycerol-extracted material (see next section) the fibrils at this stage often appear as a sheet up to 5/z in width, suggests that in cells which have been fixed in preparation for hematoxylin staining the sheet has been split into two or more strands. As the problem of the multiplication of fibrils within the myoblast will be considered in another report, it will not be discussed further here.
II. Living and Glycerol-Extracted Material in Phase Contrast.--Teased whole myoblasts, examined while still surviving or after extraction in glycerol, have two distinct advantages over fixed and sectioned material. The individual cells may be observed in their entirety; it is only thus that the true length of the myoblast and the disposition of the fibrillar material within the cell can be well appreciated. The changes in structure which result from fixation, particularly within the myofibril, can be avoided.
When living, teased myoblasts from the brachial somites of stage 14 to stage 17 embryos are viewed in phase contrast, they do not appear to contain myofibrils. The length of these myoblasts is five to eight times the diameter of the centrally located nucleus. Nucleoli, often dumb-bell-shaped, are seen. Filamentous mitochondria are conspicuous, particularly near the nucleus, but are not uniformly oriented in the long axis of the cell. Glycerol-extracted myoblasts of the same ages appear very similar to teased living cells, except that the mitochondria cannot be detected.
Living myoblasts at stage 18 to stage 20 contain mitochondria of remarkable length, some greater than 30 #, which are commonly aligned parallel to the long axis of the cell. The length of the myoblast is now more than 10 times the long dimension of the ellipsoidal nucleus. Although longitudinal fibrillation is apparent in the living myoblasts in phase contrast, it is difficult to determine whether this appearance results only from the oriented mitochondria (29, 13) , or whether distinctly differentiated fibrils are also present. This uncertainty is resolved by the glycerol-extracted material of the same age, in which the mitochondria are either destroyed or optically obscured. In such glycerolextracted myoblasts, a slender fibril may often be traced the entire length of the myoblast. In stage 20 material, such delicate fibrils appear uniformly dense, without cross-striations, in phase contrast. They are not found in all cells; most of the elongated myoblasts in the myotome at this stage reveal no fibrils in phase contrast.
Except for an increase in length, stage 22 living myoblasts reveal no additional detail over the younger material. In stage 22 glycerol-extracted material, under the most favorable optical conditions (when the teased myoblasts are well apposed to the coverslip), definite cross-striations can be seen in the slender fibrils. In these myoblasts most commonly there appears to be but one fibril per cell. The pattern of the sarcomeres in terms of A, I, Z, and H bands, and the length of the sarcomeres in these instances is much the same as in glycerolextracted mature muscle.
In the living or glycerol-extracted material from stages 23 to 24 there is a great increase in the number of cells in each myotome which contain fibrils. In the living myoblasts in phase contrast, most fibrils still appear to be nonstriated, but in the glycerol-extracted material of the same age most of the fibrils are clearly cross-striated. In both living and glycerol-extracted material many elongated cells appear to contain no fibrils. It should be borne in mind that failure to detect fibrils in such cells may result from the limitations of phase contrast microscopy.
The A and Z bands of glycerol-extracted fibrils appear in stronger optical contrast than the same bands in living material. The nuclei at this stage may be unusually elongated, measuring about 5 /z by 30/~. The myoblasts, which are still mononucleated, measure up to 400/~ in length. Their tips often consist of 710 ANALYSIS OF MYOGENESIS four or five pseudopodia (Fig. 5) , similar to the processes described for muscle and nerve cells in tissue culture (29, 25, 27) . Throughout the latter part of the 3rd day and well into the 4th, each myoblast contains but one or two fibrils. The fibrils are found just beneath or adherent to the inner surface of the sarcolemma. They extend as a delicate sheet, less than 1 # thick, but 2 to 5/~ wide, all the way from one tip of the cell to the other. Their width is rather constant throughout this great extent.
The pattern of cross-striation in the living material is even more varied than that of the fixed and stained material. This variation is clearly due to differing degrees of contraction; for one may observe the living myoblasts contract during observation under the phase contrast microscope. Most frequently the striation pattern of the glycerol-extracted material is quite uniform and quite similar to that described by Hanson and Huxley (18) for relaxed muscle. In the glycerolextracted myoblasts, the pattern and dimensions of the A, I, Z, and H bands are similar to those of mature muscle. Nevertheless the varied patterns previously described for living cells and for fixed and stained material ale found occasionally in squashed preparations of glycerol-extracted myoblasts. Prolonged extraction in 50 per cent glycerol, for a week or more, frequently results in a loss of A band density and in the appearance of the IV[ band.
Multinucleated myoblasts appear first during the 4th day. It is our impression that each forms by the fusion of a spindle-shaped mononucleated myoblast with several mononucleated mesenchyme-like cells, the presumptive myoblasts, but this subject will require further analysis. In this report only the earlier stages, which precede the multinucleate forms, are being considered.
IlL Material Stained with Fluorescent Antibody.--When the trunks of older embryos which have been treated with fluorescent antimyosin are compared with similar specimens which have been treated with the fluorescent normal globulin, it is found that specific antibody staining occurs only in the myotomal regions of the somites. No other tissues of the embryo (e.g., dermis, sclerotome, skin, myoseptum, notochord, spinal cord, dorsal root ganglia, kidney, etc.) are stained specifically by the antimyosin reagent. An account of the relative staining of different myotomes along the trunk axis during development will be given in section IV, along with observations on non-specific staining in control embryos. At this point, to outline the sequence of development from stage 14 to stage 24, we shall describe the findings in the brachial myotomes alone. This material was comparable in every way to the unstained brachial trunk material described in Section II, except that the tissues, after glycerol-extraction, were treated with the fluorescent antibody in 25 per cent glycerol and washed in 25 per cent glycerol before being squashed or teased. The brachial myotomes of stage 13 to 14 embryos do not bind the antibody. In the more anterior brachial myotomes of the stage 15 embryo, there are seen under the fluorescence microscope several dozen slender fluorescent filaments or fibrils. The earliest fibrils appear uniformly fluorescent, without evidence of cross-striation. These are the first definitely stained elements to appear in the developing myoblasts in the brachial myotomes. There appears to be no diffuse localization of fluorescent antibody within the nucleus or sarcoplasm at this stage, nor indeed at any earlier or later stage. A very faint, diffuse stainingof the sarcolemma may occur at this stage in some myoblasts, but this is uncertain. The presumptive myoblasts are not stained at any stage.
A few hours later in development, by stage 16, the number of fluorescent fibrils in an anterior brachial myotome has increased greatly. In a squash preparation of a single myotome, several hundred delicate fibrils can be seen. Most of the stained fibrils still appear uniformly fluorescent, without cross-striations in the fluorescence microscope. The length of the early fibrils relative to the length of the myoblasts is uncertain.
By stage 17 to 18 well over a thousand myoblasts in each myotome contain cross-striated fibrils (Figs. 1 to 3) . Most of these cross-striated fibrils extend without interruption across the entire myotomal plate. Only one or two fibrils are present in each myoblast.
By stage 20 there has occurred a great increase in the number of stained fibrils in each myotome and in the length of each fibril. Many more of the fibrils appear cross-striated. When individual myoblasts are examined both by fluorescence and phase contrast, it is seen that in those myoblasts containing cross-striated fibrils, the labelled antibody is confined to an area that has the dimensions of a mature A band. In most instances the edges of the A band bordering the I band stain more intensely than the central region, suggesting an H band which contains less antigen. This pattern is indistinguishable from the A band pattern commonly seen in mature muscle (12) . We have not observed Z bands in these fibrils under either the fluorescence or phase contrast microscopes.
By stage 22, in antibody-stained material, the ratio of striated to nonstriated fibrils has increased further. The myofibrillar material in each myoblast appears intimately related to the sarcolemma, perhaps adherent to its inner surface, and it extends the full length of the myoblast.
In cross-sections, the antibody-stained substance forms a very thin sheet or crescent beneath the sarcolemma. From stage 20 onwards, this sheet appears to grow primarily by lateral extension beneath the sarcolemma, and to a much lesser extent by increase in thickness. By stage 23, at the end of the 3rd day, the myofibrillar sheet may be over 300/z in length, 3/z in width, and only a fraction of a micron in thickness (Fig. 4) . Throughout the period up to stage 25, there appear to be only one or two such fibrillar sheets in each myoblast. During its growth new material must be added in a very orderly fashion to maintain in register the alignment of the Z, A, H, and I components. In stage 24 to 25 embryos there is a dorsal-ventral gradient in the myotome such that the fibrils 712 ANALYSIS OF MYOGENESIS of the dorsal portion of the myotome tend to be packed more tightly, indicating that the myoblasts of this region are of less girth than those more ventrally located. The anterior-posterior length of these most dorsally located myoblasts is also less than the length of those lower in the myotome. A similar dorsalventral gradient of differentiating myoblasts has been noted for the salamander embryo stained with conventional dyes (26) .
The specimens most useful for the study of the early myoblast and its myofibrils after antibody staining were those prepared by" teasing or squashing. Specimens which were lightly fixed, embedded, and sectioned gave information about the cross-sectional dimensions of the myofibril and its relation to the sarcolemma, but gave no adequate information of the extent of the long fibrils. The fixed and sectioned material showed greater variability in the striation patterns of the myofibrils than did the teased material, probably because of contractions and artifacts induced by fixation, embedding, and sectioning. When the results obtained by the study of antibody-stained myoblasts are compared with the results obtained from iron-hematoxylin-stained or unstained materials, it is clear that fibrils can be detected at an earlier stage in development in the fluorescent material than in the other types. Similarly, cross-striation is detectable at an earlier stage in antibody-stained material than in the other types (Table I ). This may reflect only the greater sensitivity and higher contrast of fluorescence microscopy; failure to detect fibrils or failure to detect cross-striations in earlier stages by the less sensitive methods obviously means little, except as a reminder that the inferences we draw relating morphological and chemical differentiation must be limited by the sensitivity of our experimental techniques.
An illustration of this principle is afforded by a further study of the sensitivity of phase contrast microscopy in detecting cross-striation in the early myofibril. It will be recalled that in unstained, glycerol-extracted material examined by phase contrast, cross-striation appears first in stage 22 material (Table I) . Since antibody-stained material examined in the fuorescence microscope reveals striation much earlier (stage 16), it seemed likely that the density differences along the unstained fibril are too low to permit detection in phase contrast. It was thought that antibody deposition in the A bands might increase optical path differences enough to reveal striation by phase contrast at stages earlier than stage 22.
To test this, a stage 19 to 20 embryo was extracted in 50 per cent glycerol. Four brachial myotomes from the right side were treated with the antirnyosin solution, washed, and teased in 25 per cent glycerol. Four brachial myotomes from the left side of the same embryo, but treated only with 25 per cent glycerol, served as controls. In phase contrast, the controls revealed no cross-striations, whereas the antibody-treated preparations showed cross-striations in many fibrils. It was noted also that the density increment in phase contrast was confined to bands having the dimensions of an A band; no Z line could be seen, even though in older embryos both the A and Z bands are readily seen in unstained materia!. The general morphology of the embryo was readily discernible in both the antibody-stained and control normal-globulin-treated specimens. Because the specimens were thick, considerable light scattering and autofluorescence occurred, but it was possible to recognize as well a faint green component of fluorescence throughout both the antibody-stained and the control-stained tissues. In the antibody-treated specimens this trace of non-specific staining could only be detected in very thick specimens; it was not found in any of the thin sections or teased preparations which were used for most of the work described in this report.
IV. The Sequence of Myosin Formation in the Developing
In the whole-mount specimens treated with the control globulin the level of non-specific staining was higher than in the antibody-treated material. In the control-stained material the notochord was the only structure which showed a fluorescence somewhat higher than the general background. This stain could not be removed even by prolonged washing.
In contrast to the control series, the series stained with antibody showed a striking segmental pattern of green fluorescence. The myotomes fluoresced to different degrees of intensity, depending upon the age of the embryo and the relative position of the myotome along the axis of the trunk. Thus, in the 714 ANALYSIS OF MYOGENESIS youngest embryos examined (stage 10) none of the myotomes fluoresced. At stage 13, only the most anterior cervical myotomes were stained. This, it will be noted, is at a stage earlier than that at which fibrils appear in the brachial myotomes (stage 15). By stage 21 the first 38 myotomes out of a total of 44 in the embryo were clearly fluorescent. Even in the more advanced stages, the anterior myotomes showed much stronger staining than the posterior ones. The observations are given in greater detail in Table II .
V. The Contraction of Glycerol-Extracted Myoblasts by A TP, and the Effect of Prior Antibody Staining on Contraction.--
In an attempt to correlate the morphological and immunochemical changes during development with the functional property of contractility, observations were made on the effect of ATP on glycerinated myoblasts from embryos of different ages. It was found that myo- blasts from the brachial somites of embryos at stage 21 or older contract vigorously when treated with ATP. This contraction can be observed directly in the phase contrast microscope. If the cells are prevented from adhering to the coverslip they contract to 25 per cent or less of rest length. If the cells are adherent to the glass shortening does not occur but the sarcomere pattern within the myofibril changes. These changes within the myofibrils of free and adherent myoblasts correspond to the changes described by Hanson and Huxley (18) for mature muscle fibers undergoing isotonic or isometric contraction after exposure to ATP. During the isotonic contraction of glycerinated stage 22 brachial myoblasts, the myofibril becomes short and thick. The relaxed sarcomere pattern of broad A and I bands is progressively changed to a closely spaced contraction band pattern identical with that seen in mature muscle after contraction by ATP. Apparently contraction occurs only in the fibril, since the sarcolemma and sarcoplasm seem to be passively telescoped or folded. During such induced contractions the elongated nucleus can be observed assuming a more spherical form. After contraction the cell is commonly C-shaped with the nucleus on the convex side and the shortened fibril on the concave side. The sarcolemma is greatly wrinkled, sometimes in a loose spiral fashion which suggests that the fibril within remains attached to the sarcolemma at the ends of the cell and that it has twisted during contraction (Fig. 7) .
In embryos younger than stage 22, the myofibril is more slender and apparently the contractile force it can exert is less, so that if the cell is only slightly adherent to the coverslip or to other structures, gross shortening is prevented. It is possible however to detect isometric changes within the fibrils in cells from stage 20 embryos. Fig. 5 is a photograph of a single teased myoblast from a stage 20 embryo. The myoblast, which was adherent to the coverslip, has been treated with ATP. Before ATP was added only a slender nonstriated fibril could be observed in this myoblast in phase contrast. Following the addition of ATP the simple cross-banding pattern that is shown in Fig. 5 appeared. This simple cross-striated pattern (which simulates a series of Z bands) is commonly found in livingand in fixed and sectioned material. Brachial myoblasts younger than stage 20, when tested with ATP in the same way, did not reveal either isometric or isotonic contraction.
Myoblasts stained with antimyosin before or after addition of ATP yield additional information. A stage 22 embryo was prepared by extraction in 50 per cent glycerol. Four brachial somites from the left side were placed in three drops of ATP solution on a glass slide. The corresponding four brachial somites from the right side of the same embryo were placed in three drops of Simms's solution on a glass slide. After 5 minutes both were washed repeatedly in 25 per cent glycerol at 0°C. and were placed in the fluorescent antimyosin solution in 25 per cent glycerol for 2 days. The specimens were teased and examined by fluorescence and phase contrast microscopy. The results are illustrated in Figs. 6 and 7, from which it may be seen that when myoblasts are stained after application of ATP, the antimyosin is bound by the contracted myoblast.
Another embryo of the same age was glycerinated in the same way to test the effect of staining with antibody before applying ATP. The brachial somites from the right side were placed in the fluorescent antimyosin solution in 25 per cent glycerol. Those from the left side were placed in the fluorescent normal globulin solution in 25 per cent glycerol. After 24 hours at 0°C., both specimens were washed thoroughly in 25 per cent glycerol, then treated with ATP. The myoblasts which had been pretreated with antimyosin did not contract and showed no change in sarcomere pattern.
It should be noted that the contractile effect of ATP on glycerinated mature muscle is also blocked by prior staining with antimyosin (12) . Whether the antibody acts by preventing the folding of myosin molecules, by blocking the interaction of myosin with other proteins, by blocking the ATPase activity of myosin, or by some other mechanism, is still unknown.
ANALYSIS OF MYOGENESIS DISCUSSION
Comments on Fluorescence Microscopy and Antibody
Staining.--A study of muscle differentiation by the means we have used has limitations and advantages which must be clearly defined. Our observations were concentrated on a brief period within the much longer span of muscle development, beginning with the presumptive myoblast, a morphologically undifferentiated cell, and ending with the elongated but still mononucleated myoblast only 2 days later. Yet the findings indicate that during this brief period much transpires in the morphological and chemical differentiation of the muscle cell.
Our attention was focused primarily on individual cells of the brachial myotomes, and of these, primarily on those cells which develop most rapidly. As a result, our description gives only a general impression of the population changes which take place, and it gives no information on the quantitative changes in myosin content in the embryo as a whole. Such information was sought by Herrmann and Nicholas (22), Csapo and Herrmann (6) , and by Robinson (36) , who used physical-chemical methods to detect and measure myosin in extracts made from embryos of different ages. From the results of Csapo and Herrmann, one might conclude that myosin synthesis begins at about the 7th day, long after the formation of multinucleated fibers containing an abundance of cross-striated fibrils. Fluorescent antimyosin staining indicates that myosin synthesis begins much earlier and that it is intimately linked to the early differentiation of myofibrils within the myoblast.
The antibody-staining technique has three features which must be considered in interpreting our findings: the technique is highly sensitive, it is serologically specific for individual protein antigens, and it makes possible rather precise cytological correlations.
1. The limiting sensitivity of the antibody technique is not known. In any specimen, it will vary greatly with the characteristics of the fluorescence microscope used, the thickness of the specimen, the immersion medium, the level of background scattering and autofluorescence, and many other technical details. An antigen, if it is concentrated in a definite locus such as a granule or filament, can be detected even though the dimensions of the locus are below the limits of resolution of ordinary light microscopy. In stage 15 brachial myoblasts, delicate myofibrils, or filaments too thin to be detected by phase contrast or by iron-hematoxylin staining were readily seen under the fluorescence microscope. Calculation suggests that fewer than 1,000 molecules of a large protein such as myosin should be present in a locus of 0.1/z diameter along a myofibril; we believe that such a locus can readily be detected by the techniques we have used. If myosin were distributed evenly throughout the cell, a much larger amount might be present and yet escape detection. This consideration relates to the question of the site of synthesis of myosin within the cell. Our finding that the antigen appears only within the myofibril at all stages of differentiation is provocative, but does not prove that myosin is synthesized in situ on the myofibril. For the same reasons, the observation that myosin is present in some brachial myoblasts at stage 15 and that it appears in a myoblast as the cell begins to elongate, suggests that this stage may be very near to the beginning of differentiation, yet does not establish the point conclusively (cf. 9, 10, and 28).
2. Much of the value of the antibody-staining method depends upon the immunochemical specificity of the reaction. The evidence that the antisera used in this study were specific for myosin may be summarized as follows:
(a) The antisera were prepared against repeatedly precipitated chicken myosin prepared according to Mommaerts and Parrish (33) . Brief injection courses and moderate doses of myosin were used to diminish the effects of antigenic impurities. These steps, although useful, by no means rule out the possibility that antibodies might be formed against antigens other than myosin.
(b) Gel diffusion studies, after Oudin (35) and Telfer (42) , showed that each of the three antisera used in these studies contained one major component and one or perhaps two trace components. The major component was present in far greater amount than the trace components.
(c) The major antibody component reacted in gel diffusion against both purified myosin and crude muscle extracts containing myosin. Antigens corresponding to the minor components were detected with certainty only in crude muscle extracts. When such extracts were fractionated at different ionic strengths, the antigen corresponding to the major antibody component was found in the fraction containing myosin; the antigens corresponding to the trace antibody components were found in the more soluble fraction.
(d) In preliminary studies the apparent diffusion coefficient of the antigen corresponding to the major antibody component seemed very low. Although as Neff and Becket (34) have shown, there may be considerable error in apparent diffusion coefficients calculated from Oudin tests, our experience does indicate that the antigen is a large and slowly diffusing molecule.
(e) No absorptions were done to remove the trace components from the antisera which were used in these studies; so it is possible that the antigens which were stained in the myofibril included more than myosin. This possibility seems unlikely because we have observed the same pattern of localization of antibody within the myofibril when embryonic or adult muscle was stained for shorter times or in higher dilutions of antibody, as when prolonged staining in higher concentrations was done. This should be equivalent to a dilution titration; the results indicate that the trace antibody components did not contribute significantly to the total staining effect of the labelled antimyosin.
(f) The specific blocking effect of the antibody on myofibril contraction in mature and embryonic muscle suggests that the antigen localized in the A band is an essential part of the mechanism which is affected by ATP; the evidence
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that myosin is such a part has been amply reviewed by A. G. Szent-Gy6rgyi (39). It will be noted that none of the evidence cited is critical, but we believe that it is consistent. It should be borne in mind that antibody staining detects only certain reactive groups or determinants on the large protein molecule. It is possible that "myosin" as defined in this way might differ in other respects in different tissues. This seems to be true with cardiac myosin as compared with skeletal muscle myosin. Ebert (9, 10) reported that some serological crossreaction occurred between the two, but that it was possible to distinguish between them by absorption tests. We have observed staining of the heart primordium in stage 10 embryos, the earliest which have been examined, and in all older stages examined. In addition, with the labelled chick antimyosin we have observed specific staining of skeletal muscle in several species, including embryonic and larval salamander, mouse, and rabbit. In all species examined, the same pattern of A band localization occurred.
3. The cytological precision made possible by the fluorescence method is of considerable value. As compared to the gross extraction techniques the labelled antibody method has the virtue of permitting a direct correlation of myosin content and distribution with the stage of morphological differentiation in an individual cell. Since the cell population within a single myotome is diverse, and since the cells are far from synchronous in their development, such a correlation is essential. In this respect the antibody staining method may be more informative than the microprecipidn method which Ebert has applied effectively to the study of cardiac myosin in the chick embryo.
In the relaxed embryonic myofibril, myosin is found in the A bands after stage 16 to 17. The same localization was reported earlier for the myosin of mature muscle (12) . The finding for mature muscle confirmed the conclusion reached by other methods (18) and suggested by several workers in the past (2, 38, 43, 19) : that myosin is confined to the A bands in relaxed muscle. The brief period during which antimyosin staining revealed the presence of delicate filaments without cross-striations suggest that the definitive sarcomere pattern, although it is achieved very early, may be preceded by a less organized stage. To determine whether this is so will require further investigation.
General Cytological Observations.--The description of the development of myoblasts presented in this paper differs only in detail and emphasis from those found in the earlier literature (14, 8, 21, 16, 44) . In accord with these workers we found that non-striated fibrils could be observed before crossstriated fibrils. Nevertheless it is a significant fact that a fibril which appears non-striated with one histological technique can be resolved into a cross-striated one with another technique. Whether or not the apparently non-striated fibrils detected at stage 15 with the fluorescent antibody will be found to be crossstriated when examined with other techniques is an open question.
In the older literature (see also Hibbs, 23) there is considerable discussion as to whether Z bands form earlier than other bands of the sarcomere. Our experience with variations in the cross-band pattern particularly with fixed material, compels caution in accepting a description of such a sequence, for both contraction of the fibril and extraction of A band material produce a cross-band pattern that approximates a series of Z-like bands (40) . It is difficult to prepare a piece of fixed muscle, embryonic or mature, which is uniformly relaxed throughout its length.
The peripheral distribution of the early forming fibrils has been noted by many workers (21) . Cross-sections of conventionally fixed and stained muscle from older embryos reveal the myofibrils dispersed as an irregular ring beneath, but apparently separated from, the sarcolemma. While the precise relationship could not be critically resolved with living or antibody-stained material, it is our impression that the fibrils in 2 to 4 day myoblasts are usually adherent to the sarcolemma. That the cell surface is an important site for the formation of cell structures is not a novel proposition in cellular differentiation. Lwoff (30) , Tartar (41) , Weisz (45) , and others have reviewed the evidence for the importance of the protozoan cortex in the differentiation of cell structures.
Several models have been proposed for growth of the myofibril laterally, in depth, and in length. Given the full complement of cross-bandsand thedefinitive dimension of the early sarcomeres, it is difficult to visualize a mechanism whereby whole sarcomeres could be interpolated into the cross-striated fibril. Though direct evidence is wanting we believe, as did Heidenhain (20, 21) , that growth in length occurs at the ends of the myofibril. Growth laterally and in depth, with the different regions of the sarcomere remaining in register, would be consistent with the notion of appositional growth. On a molecular level this could mean that the first formed sarcomeres serve as templates or primers for further apposition of regionally specific sarcomere material. Alternatively it may be that successive generations of myofilaments are displaced in an orderly fashion from a sarcolemmal "template."
The older literature, perhaps as a result of concentrating on the cellular and multicellular level of organization, has stressed the differences between embryonic and mature muscle. As a result of focusing on the embryonic myofibril, however, we have been impressed by the similarity between embryonic and mature muscle. The individual sarcomere of the 3 day myofibril consists of A, I, Z, M, and H bands similar to those found in the adult. Myosin is localized in the A bands of both embryonic and mature muscle. The glycerinated myoblast model contracts upon exposure to ATP, as does the mature muscle. The same changes in the pattern of cross-striation which appear during contraction in mature muscle are seen during the contraction of embryonic muscle. Finally, both embryonic and mature muscle become refractory to ATP after treatment with antimyosin.
Speculations on Cell Di~erentiation.--One of the major assumptions of current embryology is that "chemo-differentiation" precedes morphological differentiation (3) . This assumption must be reexamined in specific instances of morphological differentiation. When one considers the development of a particular cell structure such as the myofibril, it is obvious that the existence of the structure requires the synthesis of some, at least, of its protein constituents. However, it is by no means certain that the component proteins of the myofibril, including myosin, actin, tropomyosin, and others, are synthesized quite separately and added to the fibril in stepwise fashion. One might conceive of the formation of a myofibril (or its subunit, the myofilament) as an event requiring the simultaneous synthesis of two or more proteins on an organizing surface, a template of higher order than that which is involved in the synthesis of a single protein.
Our observations, because they concern only myosin so far, do not serve to test this hypothesis. They do however suggest that myosin may be synthesized at the sarcolemma; at no stage was myosin detected in the nucleus or in the sarcoplasm, except in close association with the sarcolemma. Our findings also indicate that myosin is not synthesized and accumulated in advance of myofibril formation.
There has been some consideration of the possibility that the structure of a protein might change during ontogeny, either by a modification of simpler molecules to more complex, or by a more fundamental modification of the mechanisms of synthesis, such that the protein produced at one stage might differ from that formed at a later stage. This might be considered, in a rough sense, a "recapitulation" of the process of protein evolution in phylogeny which Anfinsen and Redfield discussed recently (1). In the case of myosin, the large size of the molecule suggests that it may be a composite structure. Several lines of evidence support this view (39) . There is little, however, in our observations to suggest that the antigen first detected in the slender filaments of the stage 15 brachial myoblasts is different from the myosin of mature muscle. Likewise there is no evidence that presumptive non-muscle cells synthesize myosin at one stage in their development, only to cease, as the cells differentiate into some other cell type.
The concept of embryonic "determination," reflecting the different approaches previously used in experimental embryology, has emphasized the role of the entire cell or even that of the tissue in which the cell exists (15) When the concept of determination is considered in relation to the formation of a specific intracellular structure such as the myofibril, and to the synthesis of its constituent proteins, it becomes possible to consider more detailed mechanisms and to devise experiments for investigating such mechanisms. If, for example, the differentiation of a myoblast is initiated by an inducing agent which affects only a small site on the sarcolemma, the remainder of the cell may HOWARD HOLTZER, JOHN :M. I~ARSHALL, JR., AND HENRY :FINCK 721 be only gradually recruited to the "determined" state. One wonders whether, if this is the case, there is not an interval during which other regions of the cell surface or of the underlying cytoplasm could respond to other inducing agents. to produce a cell chimaera.
SUMMARY
Antibodies against myosin of adult chicken skeletal muscle were labelled with fluorescein and used as staining reagents to analyze the development of trunk myoblasts in the chick embryo. Myoblasts from the brachial myotomes were studied in three ways: (a) Specimens were fixed, sectioned, and stained with iron-hematoxylin. (b) Living myoblasts, and myoblasts prepared by glycerol extraction, were teased and examined by phase contrast microscopy. (c) Embryo trunks were treated with fluorescent antimyosin or with a control solution of fluorescent normal globulin, and were examined by fluorescence and phase contrast microscopy. Both glycerol-extracted and fixed materials were used.
Cross-striated myofibrils appeared first in stage 16 to 17 embryos in the series studied by antimyosin staining and fluorescence microscopy. Striated myofibrits appeared first in stage 18 to 19 embryos, in the series stained by ironhematoxylin, and at stage 22 to 23, in the series studied by glycerol extraction and phase contrast microscopy. In each series, myofibrils without apparent cross-striations were detected shortly before cross-striations were observed. Specific staining by antimyosin occurred only in differentiating myoblasts. Within the myoblasts antimyosin staining was confined to the A bands of the slender myofibrils.
The following observations suggest that the first delicate striated structure to appear in the early 3 day myoblast was remarkably mature: (1) The sarcomere pattern both in length and in internal detail, was similar to that of adult muscle. (2) The distribution of myosin, as revealed by antimyosin staining, was the same in the embryonic as in the mature myofibril. (3) Glycerolextracted myoblasts contracted vigorously on exposure to ATP. The changes in sarcomere band pattern were indistinguishable from those occurring during contraction of adult muscle induced by ATP. (4) ATP contraction was blocked by prior antimyosin staining in embryonic myoblasts as in mature muscle.
It is suggested that the early myofibril grows laterally as a thin sheet associated with the sarcolemma, and that growth in length occurs in the growth tips of the elongating myoblast.
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Fro. 1. Low magnification, fluorescence photomicrograph of a whole mount stage 18 embryo which was stained with labelled antimyosin. This photograph, taken from the lateral aspect of the brachial trunk region, reveals the myotomal plates of three successive somites. All the tissues of the trunk--skin, dermatome, sclerotome, neural tissue, notochord, etc.--are present, but only the individual myofibrils within the myoblasts fluoresce. Other structures are faintly visualized by autofluorescence and light scattering. Note the sharp demarcation between successive myotomal plates and the alignment of the individual myofibrils. X 120.
FIG . 2 and 3 . High magnification dark medium phase contrast (Fig. 2 ) and fluorescence (Fig. 3) photomicrographs of the same whole myoblast mounted in 25 per cent glycerol. This myoblast was teased from a stage 17 embryo which was stained with labelled antimyosin. The broad, rod-like areas observed under the fluorescence microscope are of the same dimensions as the A bands of mature muscle prepared in the same fashion. The portion of the myofibril extending into the tip of the myoblast cannot be resolved into cross-bands. In phase contrast the sarcoplasm is more clearly seen, but the myofibril is indistinct. In older myoblasts (stage 19 to 20) the myofibril is easily seen in phase contrast after antibody staining. The irregular cell (presumptive myoblast?) in the lower left corner in Fig. 2 is not visible in the fluorescence photomicrograph of the same microscopic field because it has not bound the labelled antibody. × 1100. This myoblast, which was adherent to the coverslip, was observed before, during, and after exposure to ATP. Before treatment the myofibril did not appear striated. Following treatment with ATP, shortening did not occur because the myoblast was attached to the cover slip, but the striation pattern of isometric contraction appeared. Note also the pseudopodia near the tip of the myoblast. X 1200. The left brachial myotomes of the same embryo were placed in ATP for 5 minutes before being stained with the antimyosin. Fig. 6 is a fluorescence photomicrograph of a squash preparation of the myotomes placed in Simms's solution and then stained. Note the length of the individual myofibrils and the broad A bands characteristic of relaxed muscle. The myoblasts which were treated with ATP before staining (Fig. 7) have contracted to less than 20 per cent of the length of the relaxed fibrils shown in Fig. 6 . The sarcoplasm and nuclei of the myoblasts, and the large number of mesodermal cells interspersed among the myoblasts, are unstained. X 500. 
